Low HERV-K(C4) Copy Number Is Associated With Type 1 Diabetes
Complement component C4 (C4) is a highly variable complement pathway gene situated ∼500 kb from DRB1 and DQB1, the genes most strongly associated with many autoimmune diseases. Variations in C4 copy number (CN), length, and isotype create a highly diverse gene cluster in which insertion of an endogenous retrovirus in the ninth intron of C4, termed HERV-K(C4), is a notable component. We investigated the relationship between C4 variation/CN and type 1 diabetes. We found that individuals with type 1 diabetes have significantly fewer copies of HERV-K(C4) and that this effect is not solely due to linkage with known major histocompatibility complex class II susceptibility alleles. We show that HERV-K(C4) is a novel marker of type 1 diabetes that accounts for the disease association previously attributed to some key HLA-DQB1 alleles, raising the possibility that this retroviral insertion element contributes to functional protection against type 1 diabetes. Genes encoding complement component C4 (C4) are located on chromosome 6 ;500 kb from the major histocompatibility complex (MHC) class II genes associated with multiple autoimmune diseases, including multiple sclerosis, systemic lupus erythematosus (SLE), celiac sprue, Graves disease, and rheumatoid arthritis (1) . Additionally, this region is the most strongly associated with type 1 diabetes (odds ratio [OR] .6.5) (2). The HLA class II alleles most highly associated with type 1 diabetes are at the DQB1 locus, with risk modifiers at the closely linked HLA-DRB1 and class I loci (3, 4) . Specifically, the alleles with the highest associated risk are DRB1*04/ DQB1*03:02 and DRB1*03:01/DQB1*02:01 (OR 11.37 and 3.64, respectively), whereas DRB1*15:01/ DQB1*06:02 is a protective allele (OR 0.03) (5). However, extended regions of linkage disequilibrium characterize the MHC region, confounding efforts to attribute susceptibility to single loci or, indeed, to the classical HLA class I and class II alleles themselves. This is particularly notable with DRB1*03:01/DQB1*02:01, which forms an extended haplotype .1 Mb and encompasses the complement gene region (6, 7) .
C4 varies in three key ways: copy number (CN), isoform, and length. C4 is the second gene in the four-gene RCCX cassette and positioned midway between the MHC class I and MHC class II gene clusters (Fig. 1A) . The RCCX cassette comprises STK19 (RP1), C4, CYP21A2, and TNXB (8) . CYP21A2 contains a recombination site resulting in mono-, bi-, and trimodular cassettes with one, two, and three functional copies of C4, respectively, while retaining just one functional copy of STK19, CYP21A2, and TNXB (Fig. 1B) . Each copy of C4 is either acidic or basic (C4A or C4B) as determined by nucleic acid differences in the 26th exon. C4A deficiency, having zero or one functional copy of C4A, has been linked to both type 1 diabetes and SLE (9-13). Ninety-five percent of C4A and 54% of C4B isoforms contain a 6.5-kb class K human endogenous retrovirus in their ninth intron [HERV-K(C4)] (14, 15) . HERVs are retroviral elements that integrated into the human germline during the course of evolution. In addition to long terminal repeats, HERVs contain gag, pro, pol, and env genes and make up ;8-9% of the human genome (16) . Recent work has shown that HERVs may affect expression of nearby genes (17) . HERV-K(C4) is oriented opposite to C4, resulting in its antisense transcription (18, 19) . Genes with HERV-K (C4) are termed C4 long (C4L), and those HERV-K(C4) it are termed C4 short (C4S).
Historically, it was believed that individuals had four copies of C4, with a long C4A followed by a long or short C4B on each chromosome and some rare individuals missing either C4A or C4B (9) . Earlier studies, however, were limited by methods available at the time and were unable to quantitatively assay C4. Newer methods have revealed that individuals inherit one to three copies of C4 from each parent with many possible isoform and length combinations (8, 15, 20) . We developed a high-throughput, sensitive assay to study the relationship between C4 variability and type 1 diabetes in the context of associated HLA alleles. We show that low HERV-K(C4) CN is a strong marker of type 1 diabetes risk and that it captures the disease associations of the DRB1*03:01/ DQB1*02:01 and DRB1*15:01/DQB1*06:02 HLA haplotypes.
RESEARCH DESIGN AND METHODS

Sample Collection and Processing
Samples were obtained from type 1 diabetic patients and healthy donors participating in studies under the JDRF/ Diabetes and Control Registry and Repositories. Informed consent was obtained from subjects according to institutional review board-approved protocols at Benaroya Research Institute and Seattle Children's Hospital. DNA was isolated from whole blood drawn using EDTA and from peripheral blood mononuclear cell (PBMC) samples drawn in heparin. RNA samples were collected in Tempus Blood RNA Tubes, extracted using MagMAX for Stabilized Blood Tubes RNA Isolation Kit, and then processed using GLOBINclear (all from Life Technologies). cDNA was prepared with the High Capacity cDNA Reverse Transcription Kit (Life Technologies). Two cohorts were collected from the sample repository: Cohort 1 (n = 107) was randomly sampled from the repository, whereas samples in cohort 2 (n = 110) were selected on the basis of HLA type (Table 1) .
C4 CN Estimation
TaqMan quantitative PCR was used to determine C4 variant CN (20) . Assays were run on a BioMark HD system (Fluidigm, San Francisco, CA); HLA-DRA was the reference gene. DNA samples were preamplified for 10 cycles with a pool of the five assays, treated with exonuclease I (New England Biolabs), and diluted 1:5 before further use. Cloned amplicons from each target were used to generate a plasmid standard curve. Fourteen samples with known C4 CN from the International Histocompatibility Working Group were used for linear correction (20) (Supplementary Table 1 and Supplementary Fig. 1 ). Primers and probes for DRA, C4B, and C4S were previously defined (20) (21) (22) : C4A forward primer 59CTGTCCCAGCAGCAGGCT39, reverse primer 59TCCTCCGACAGGCGCTT39, and probe 59TCCAGTGTTAGACAGGAGC39 and C4L forward primer 59TCCCAACACAGACAGGAATACG39, reverse primer 59TTCCCTCCCACAAGACAGTGA39, and probe 59CAGCCTGTGCCCTGG39.
HLA Typing
HLA-DRB1 and DQB1 were determined using real-time PCR, as previously described (21, 22) . We used previously published primers (21, 22) for all alleles except DQB1*02:01: forward primer 59GGGCATGTGCTACTTCACCAA39, reverse primer 59ACGATCTCTTCTCGGTTATAGATGC39, and MGB probe 59TGCGTCTTGTGAGCAGA39.
Statistical Analysis
For simplicity, we used nonparametric tests where possible (Wilcoxon rank sum, Spearman correlation test). Throughout this study, multiple testing corrections were unnecessary given the small number of independent tests. Tests of C4 variants are not independent from each other (total C4 = C4A CN + C4B CN = C4L CN + C4S CN); additionally, C4A and C4B contain HERV-K(C4) at different frequencies (95% and 54%, respectively). Note that because of the slightly better correlation of the C4A CN + C4B CN estimate to known total CN, we use it in relevant significance tests and figures ( Supplementary  Fig. 1 ).
RESULTS
Type 1 Diabetes Is Associated With Fewer Copies of HERV-K(C4)
We profiled C4 in a cohort of 50 type 1 diabetic patients and 57 control subjects randomly selected from our sample repository (age at diagnosis: median 11.8 years, mean 18.5, SD 14.7) ( Table 1) . Patients had significantly fewer copies of total C4, C4A, and HERV-K(C4) (i.e., C4L) ( Fig. 2A) . The most significant difference was in HERV-K (C4) CN, with most patients having two fewer copies than healthy control subjects. This HERV-K(C4) deficiency is not surprising given previous observations of C4A deficiency in type 1 diabetes and that 95% of C4A genes have the HERV-K(C4) insertion (11) (12) (13) (14) (15) . However, HERV-K(C4) is the variant with the greatest difference in median CN and greatest significance (2.3 copies, P = 4.59 3 10 7 ), whereas the difference in C4A is much smaller and less significant (1.1 copies, P = 1.76 3 10 5 ). Linkage between specific HLA haplotypes and certain RCCX formations has been previously described (8) . We found strong relationships between HERV-K(C4) CN and the DQB1*02:01 and DQB1*06:02 alleles and no relationship with DQB1*03:02 (Fig. 2B) . Simple linear regression suggested that each DQB1*02:01 allele an individual possesses is associated with ;1.5 fewer copies of HERV-K(C4), whereas each allele of DQB1*06:02 is associated with ;1.5 additional copies of HERV-K(C4). DQB1*02:01 also has significant associations with total C4, C4A, and C4S CNs, which may explain why both C4A deficiency and DQB1*02:01 are associated with type 1 diabetes and SLE ( Supplementary Fig. 2 ). Although DQB1*06:02 is strongly associated with HERV-K(C4), it lacks any association with C4A or C4B and is only weakly associated with total C4 and C4S ( Supplementary Fig. 2 ). HERV-K(C4) CN captures the association of type 1 diabetes with both DQB1*02:01 and *06:02, suggesting that the retroviral insertion rather than total C4 or C4A is most strongly linked to type 1 diabetes. ( Only 5 of 50 originally studied type 1 diabetes samples and 15 of 57 control samples lacked disease-associated alleles. Therefore, we identified an additional 17 type 1 diabetes and 33 control samples lacking these alleles and assessed their C4 variation (Table 1) . Even in the absence of these alleles, patients still had significantly fewer copies of HERV-K(C4) (Fig. 3A) . Of note, no significant association with total C4, C4A, or C4B CNs was found, supporting the notion that the length variant is most strongly associated with disease. Furthermore, the significant difference in HERV-K(C4) CN in samples lacking these alleles suggests that DQB1*02:01 and *06:02 are associated with type 1 diabetes through linkage with the RCCX region.
HERV-K(C4) CN Differs in DQB1*06:02-Positive Type 1 Diabetic Patients and Control Subjects DQB1*06:02 is exceedingly rare in type 1 diabetic patients but relatively common in healthy individuals (frequencies of 0.4% and 12%, respectively) (5). Of the 50 type 1 diabetic patients first studied, none were DQB1*06:02 positive. We identified nine additional patient samples positive for the DQB1*06:02 allele and compared their HERV-K(C4) CNs to 18 *06:02-positive control subjects (Table 1 and Fig. 3B ). These patients had significantly fewer copies of the retroviral insertion, even though *06:02 is associated with an increase in HERV-K(C4) CN (Fig.  2B ). This finding suggests that increased HERV-K(C4) CN and not DQB1*06:02 is protective against type 1 diabetes. Figure 2B shows that HERV-K(C4) CN is not associated with DQB1*03:02, the HLA allele most strongly linked to type 1 diabetes risk. Furthermore, DQB1*03:02 has significantly different epitope binding avidity in type 1 diabetes (23) . No such difference in epitope binding is seen for DQB1*02:01 or *06:02; thus, these haplotypes may be associated with separate mechanisms of action. To study whether high-risk individuals have fewer copies of HERV-K(C4), we identified samples from cohort 1 with DQB1*03:02 but lacking the protective *06:02, resulting in 16 control and 31 type 1 diabetes samples. We identified an additional 24 control and 27 type 1 diabetes samples from cohort 2 (Table 1) , giving a total of 40 DQB1*03:02 control and 58 *03:02 patient samples. As expected, high-risk DQB1*03:02/DQB1*02:01 individuals have significantly fewer copies of HERV-K(C4), whereas no association was seen when DQB1*02:01 is absent (Fig.  3C ). DQB1*03:02 is not linked to HERV-K(C4), suggesting two mechanisms of action in type 1 diabetes: one related to MHC binding avidity and associated with DQB1*03:02 and one unknown mechanism associated with HERV-K(C4) CN. The high risk associated with heterozygosity could be the result of these two mechanisms working in tandem.
DISCUSSION
This study provides evidence for the first time to our knowledge that low HERV-K(C4) CN is associated with This difference in CN is consistently seen with HERV-K (C4) but not for the acidic and basic isoforms or total CN. The relationship of HERV-K(C4) with type 1 diabetes suggests that disease-associated MHC II DRB1/DQB1 alleles can be split into two groups: those not in linkage with HERV-K(C4) CN like DQB1*03:02, which has been shown to differ significantly in HLA epitope binding avidity (23) , and those in linkage with HERV-K(C4) CN like DQB1*02:01 and *06:02. For this latter group, the mechanism of action may not involve MHC II binding but, instead, may act through an unknown function of HERV-K(C4) or some neighboring gene. If HERV-K(C4) plays a functional role in type 1 diabetes, one would expect its CN to correlate with transcription level, which we verified through quantitative PCR ( Supplementary  Fig. 3 ).
We profiled .200 samples; however, the sample size is small when investigating specific HLA types, especially for DQB1*06:02. Additional studies are needed to replicate these preliminary findings and to determine any functional role of HERV-K(C4) in type 1 diabetes. As an intronic insertion, HERV-K(C4) may influence C4 RNA processing, ultimately affecting the complement pathway. Alternatively, it may have an impact on other endogenous or exogenous viruses by affecting pathways that sense viral RNA/DNA or through antisense inhibition of a homologous virus (19) . These findings have potential implications for other HLA-DQB1*02:01-and DQB1*06:02-linked autoimmune diseases, such as celiac disease, Graves disease, and Hashimoto thyroiditis (24, 25) , and offer a novel avenue of research in such diseases.
